Astbury had the good fortune to study under Professor A. Hutchinson a course that was really far the best in crystallography to be given in the United Kingdom. That determined the nature of his career because in 1921 Professor Hutchinson recommended him to Professor Sir William Bragg who was just taking up science again after the war in his physics laboratory at University College, London. It was in that period that he married, bringing his wife over from Ireland. They had two children and for the rest of his life he lived an ideal family life with his children and grandchildren.
Sir William-the Old M an, or Bill Bragg, as we called him behind his back-never "led" any of us in the technical sense. T hat was not his wayif he had a way-and if you were stupid enough you might even claim that you "led" him, since, especially after we migrated in 1923 to the DavyFaraday Laboratory of the Royal Institution, as often as not when he popped into your room (not terribly often) it was to ask a question in connexion with some lecture that he was due to give. O r you might meet him on the stairs and he would say, "Hello! How's the family?" or some such. He turned up at tea as often as possible, where we rarely talked "shop" in any case. ' Everyone was left free to choose his problems. Methods were more or less predetermined. At first there was only the original Bragg method of the ionization spectrometer, a very precise but incredibly tedious method of working in which hours of observation were necessary to determine the intensity of a single plane, a method quite sufficient, the Braggs had shown, for determining simple structures in the mineral field but, in fact, useless at that stage for complicated organic structures where the essence is to have only relatively accurate measurements on a large number of planes, with which in those days only the photographic methods Astbury did much to perfect, could cope.
Astbury started, rather by coincidence than otherwise, where another great scientist, Pasteur, had started, in the field of the tartaric acids, stimu lated by the idea of trying to explain optical rotation by the actual molecular structure. He did not indeed succeed: this was to be left to Beevers (1950) twenty-seven years later. After all, at that time, no one had determined any organic structure more complicated than those of diamond, graphite and simple long-chain crystals.
W hat the Royal Institution provided was a sharpening of wits in which Astbury gave as much as he took; he had an interest much broader than the fairly straightforward idea of determining the structure of all known crystals. He was, nevertheless, first and foremost a crystallographer. Feeling the need for a regular crystallographic understanding, he collaborated with Miss Yardley in producing the first British tables of space groups.
This was to lead him later, in 1930, to a notable contribution to the whole international correlation of crystallographic results, at the historic meeting called by Ewald at Zurich to consider the possibility of international tables for crystallography which would combine the results achieved by many others in different countries. Among others it was attended by Ewald, Hermann, Mauguin, Niggli, Pauling, Schiebold and Wyckoff. The stamp of its success was the International Tables which duly appeared and have been ever since in their improved form the bible of the X-ray crystallographer. And this was due not only to Astbury's and Yardley's mathematical work which had gone into them, but even more to his ability to get them accepted, a very difficult thing to do. It needed all his persuasive powers to get the Astbury-Yardley tables published in the first place: Sir William did not think they were necessary-any good scientist by common sense could arrive at all the results contained in them. Astbury was able to persuade him that not all people who might be good scientists had his supply of common sense, the weaker vessels might find the tables useful. It was much more difficult when he had to persuade Professor Niggli, a very big name in the crystallographic world, editor of the ^eitsc to agre use a common name for tables which he would have liked to call the Niggli International Tables. We were all in despair and we finally agreed that Astbury should talk to Niggli alone and the result was that he withdrew the demand to include his name. This was due to Astbury s transparent honesty and disinterestedness which were always evident at critical moments.
He showed the fruits of his physical studies in another way by his develop ment of an a-ray absorption intensity gauge (6), one not much used in itself but the basis of a number of devices connected with autoradiography today. At colloquia he was always brimful of ideas but often these were rather difficult to understand. When he spoke, most people thought he was talking nonsense. I found out fairly early that when Astbury was talking it might appear to be nonsense but it always contained a valuable and new idea and I did my best at these meetings to interpret them and, what was much more difficult, to get Astbury's agreement that I had interpreted him correctly.
It would be a mistake to attempt to present the long life work of Astbury in a strictly chronological order, so I will begin with, § 1, the early crystal lographic studies which he carried out at the Royal Institution. Then follows his work at Leeds, § 2, the studies on wool and similar fibres, what he called the k -m -e -f group, keratin, myosin, epidermin, fibrin group, in three characteristic forms, a, jS and crossed-^ or super-contracted. The next section, § 3, will deal with the structure of collagen and its related fibres. The bearing of all this on the textile fibres is dealt with in § 4. Section 5 is the first of his biological studies, that of the arrangement of fibres in cell wall of the alga, Valoniaventricosa. Section 6 will deal with his important initial work on nucleic acids ; § 7 with various other biological and medical applications and § 8 with his experimental techniques. This is followed by two discussions, the first on the place of Astbury's work in the development of biophysics and molecular biology and, lastly, a further appreciation of his character.
Early crystallographic studies
The early papers of Astbury on crystal structures were of considerable interest, if not for actual conclusive results. Astbury's first paper (1) was on the crystalline structure and properties of tartaric acid. In the light of modern knowledge it is not very illuminating for the tartaric acid structure but it reveals much more the cast of Astbury s mind and the kind of problem he was likely to treat. The first, or observational, part is admirable and straightforward good crystallography; seen in its very beginning, this is one of the first monoclinic crystals to be studied. He examined 24 faces only, 4
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William Thomas Astbury 5 the simplest that he could find. Although he did not succeed in finding the correct structure, the argumentation is sound, given the fact that at the time very little was known about atomic diameters and what was thought to be known was wrong. It was, however, in the discussion of properties that he shows the widest degree of interest. He sees at once the analogy between the structure of tartaric acid and that of ice-which is indeed true. He notes the possibility of determining the difference between l and d forms. He then goes on to theorize about the origin of the optical activity. Actually, the theory of optical activity of crystals is as yet extremely imperfect and no one would dare to calculate the optical activity of tartaric acid today. He notices that a perfect cleavage is characterized by rupture along the junctions of the hydrogen atoms and hydroxyl groups. This is in fact true. He considers that the crystal growth itself points to an initial grouping on the part of the hydroxyl group towards such an arrangement as holds it in crystalline form and it is fairly safely assumed that the tendency of the molecules to build themselves up into a lattice exists even in solution.
With this paper goes the companion on anhydrous racemic acid (2). This was, practically, quite an achievement because it was the first triclinic crystal to be studied by X-rays and the crystallographic study was admirably done. It involved the study of intensities of 24 planes and their orders, and for only two molecules, one right and one left, per cell. He proceeded to the important conclusion that there was no trace of a molecule of racemic acid, that is, of an inactive molecule, in the cell, a conclusion comparable in importance to chemists to Bragg's original observation that there was no evidence for the existence of a molecule of NaCl in rock salt.
The remaining two papers are studies of metallo-organic compounds, the first to be carried out on basic beryllium acetate (4), in conjunction with G. T. Morgan, who had prepared a long series of similar salts. These are interesting crystallographically because they belong to a lower space group of the cubic system, T"/, now written Fd3, a type of diamond structure. The second paper (5) is on a similar subject: that of the tervalent metallic acetyl-acetones which occur in two series, the monoclinic and the orthorhom bic. There is a third series and it was on a large crystal of the y form that most of the investigations were carried out. Here he used the photographic method to record the intensities of 256 planes. This greater number, the largest hitherto recorded for a crystal, shows the effective superiority of the photographic method over the ionization spectrometer for organic crystals of any complexity.
Astbury went on to ascertain the disposition of molecules and showed the analogies between the different series. He used advanced methods such as etch figures to determine the symmetry and arrived in the end, by a judicious composition of chemical and X-ray evidence, at a reasonable structure for all the different forms. It was fully confirmed by later observations, a very fine example of Wernerian co-ordination.
These two papers alone would show that Astbury was well on his way to becoming one of the most effective organic crystal analysts of the rigorous school and he might have made a very great contribution to this field if he had continued on this line. But it would not have been to the same extent either as original or as useful as the one he was to make by going over to the field of imperfect crystals and fibres, particularly that of biological structures.
Introduction to fibre studies At the Royal Institution, Astbury found the general direction of the work for the rest of his life almost by accident. One of Sir William Bragg's most subtle ways of directing research-because less of a Director you could hardly imagine-was casually to ask one of the research workers to help him in preparing some photographs or material for a lecture. We did not like this too much, actually, at the Davy-Faraday because it took time off our work and, in fact, the preparation of the children s lectures occupied the whole of the autumn term. Nevertheless, though we did not know it, it often proved the most valuable and instructive part of our research training.
Sir William had the idea of going beyond well-formed crystals and giving a lecture on The imperfect crystallization of common , which included among others, fibres (1926) . Work on fibres had already started, mostly at the Kaiser Wilhelm Institut in Dahlem, Berlin, where Meyer and Mark had already been studying X-ray patterns given by simple textile materials, ramie, cotton, silk. Bragg asked Astbury in 1926 to help in getting photo graphs of fibres like wool. Simple substances like silk and ramie gave beautiful fibre diagrams, but others were very blurred and anyone else but Astbury would have been rather dissatisfied with them compared with the very beautiful clear pictures given by crystals. Astbury, on the contrary, took to them from the beginning and it was clearly his interest to go beyond the regular crystals to the fibrous state which he made his own particular field.
He was already fascinated by the biological implications of the work and he had a clear idea from the start of what he was trying to do but very few believed that he would succeed in doing it. It may have been an accident that he went into wool but it was no accident that he went into organic substances, because he felt this was his real vocation. He said this years afterwards in his Harvey Lecture of 1950 (93):
'The name "molecular biology" seems to be passing now into fairly com mon use, and I am glad of that because, though it is unlikely I invented it first, I am fond of it and have long tried to propagate it. It implies not so much a technique as an approach, an approach from the viewpoint of the so-called basic sciences with the leading idea of searching below large-scale manifestations of classical biology for the corresponding molecular plan. It is concerned particularly with the forms of biological molecules, and with the evolution, exploitation and ramification of those forms in the ascent to higher and higher levels of organization. Molecular biology is predominantly three-dimensional and structural-which does not mean, however, that it is merely a refinement of morphology. It must of necessity inquire at the same time into genesis and function. ' Thus it was that when an opening occurred in Leeds, Bragg's former uni versity, for a lecturer in textile physics, Astbury was a natural choice. He did not want to go at first but Bragg had a habit of throwing out his best people in order to start off new centres of research and in this case he greatly exceeded his expectations, for the school at Leeds was for at least fifteen years the major centre of fibre research in the whole world. Being Leeds and not Manchester, it was wool that was studied rather than cotton which had been the basis of most of the older fibre structure work. I remember well, at the time, how shocked some of us were at Astbury going into this completely complex and very mundane field. We felt that it was very premature -let us find the structure of regular things first before we tackle the irregular ones. But he proved to us how wrong we were. There he showed his essentially pioneering spirit, moved by an impulse to wander into the unknown and not to give a very precise account of what he does because he is in so much of a hurry to get on to the next place. ; otherwise the room provided was quite bare and all we knew was that certain clothes were made of wool, and that wool in turn was composed of an "amphoteric colloid" called keratin-a biochemically life less and uninteresting protein which was some kind of polypeptide. Except for a Hyvac pump we constructed all our own apparatus . . . For over 15 years from the early 30's our work was supported principally by the Rocke feller Foundation (no help of any significance ever came from the wool textile industry*) . . . After the war, the biological implications of our work having long outgrown the merely textile, the University inaugurated the present Department of Biomolecular Structure and appointed me to the Chair. (The title I wanted was " Molecular Biology" , the name I myself had first propagated, but the committee thought it was asking too much to describe me as any sort of biologist.) ' Astbury certainly had to start research the hard way but actually he had to keep it up the hard way for the rest of his thirty-three years at Leeds. The Rockefeller grants only enabled him to buy a little apparatus and pay the salaries of a few additional research workers. They could do nothing to help him with building, nor could the University. To the very end, after he had acquired an international reputation and many honours, Astbury's new Laboratory of Biomolecular Structure was really the rooms of an old house acquired by the University and in every way unsuitable for the work he had to do. Like many others of us, he never, in the course of a long scientific life, had a new building made for the purpose of research. Nevertheless, in view of his temperament, this did not dishearten him, although in his latter years I know he felt it acutely as an index of the lack of value that was put on science in this country.
I think it was the very ignorance about wool as a scientific subject that really stimulated him. The two lines of 'amphoteric colloid called keratin, biochemically lifeless and uninteresting', were just enough to start him on a violent attack on this area of ignorance.
Astbury's main work at Leeds was done right at the outset and published between 1931 and 1935 in three key papers, two in the Philosophical Trans actions of the Royal Society and one in the Proceedings (11, 19 and 25), referred to as I, II and III. Of these I, published with Street, is most important, it might indeed be taken as the key paper of all Astbury's work and well repays reading because it provides the kernel of his discoveries and also gives an ex planation as to why he was reluctant to abandon his original ideas. Astbury's work drew on two previous sources, early fibre photographs, the first on wool by Hertzog & Jancke as early as 1921 and, secondly, from that of his colleague at Leeds, J. B. Speakman, who had studied particularly the elastic properties of wool fibres (1926, 1927) .
W hat Astbury was trying to do was to repeat and improve the X-ray photographs of wool and to interpret them in the light of the data derived from the study of its extension properties. His first discovery was that the structure of unstretched wool and hair, effectively with only two features, an equatorial spacing at 10A and the meridian spacing at 5-1A, with a vague halo surrounding them, was in fact an interpretable structure not of a straight chain but of some kind of folded chain. Secondly, that this was reversibly interchangeable with another. In this pattern (plate 1 (a)) there was the same 10A spacing with the addition of stronger reflexion at 4-65 A on the equator, but the 5A streak on the meridian had disappeared; it was replaced by a layer line corresponding to a repeat unit of 3-4A. Such a picture indicated a structure more recognizably fibrous, the structure, and in fact substan tially identical with that of silk. All this, he saw, could be interpretable only Astbury's work was to put it on a much sounder physical basis. In the paper he further identified the peculiar properties of wools and mammalian hair with the extremely rich content of the sulphur-containing double aminoacid, cystine, an amino acid which had to link together two peptide chains through the S-S link and was thus susceptible to breaking by agents like Na2S. According to this view the hardness of keratin was like, in many ways, the process of vulcanization of rubber, also carried out through S-S bonds.
Astbury's general approach to the interpretation of the wool structure was characteristic. First he got it by physically altering the material and hence the X-ray patterns and, secondly, by finding other examples of similar patterns among other forms of proteins.
He showed that wool in extension in water could stretch by 30 %, but in steam by 90%, giving a much cleaner /3 photograph (plate 1 The reversibility of this change convinced him that there had been no alteration in the chemical structure and the chain in its oc form had to be unfolded (or rather untwisted) to yield the form. It was the first example of a mechanical polymorph. He favoured the unfolding pattern and in this paper first published his celebrated a-fold (figure 1), the consequence of another study slightly later and reported in Nature (51).
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Paper II consists essentially of an elaboration and simplification of these observations in the light of more detailed measurements of the elastic properties, carried out in conjunction with Woods. Here there is an attempt to account for some of the anomalies by pointing out that hair is not a homogeneous structure but has marked biological differentiations between cortex and medulla and individual cells, and a recognition that hairs are made with different structures in different parts. Astbury himself considered this the most important of his early papers because it brought together, for the first time in the study of X-rays, the anatomical structure, the physical properties and the molecular structure of a natural material. He used to refer to it as the 'wool bible'.
In paper III, Astbury followed another track, the attempt to impose a second orientation on the keratinous fibres, that is, two different orientations at right angles to each other and to the length of the fibre. This he succeeded in doing particularly in the case of horn. To obtain the second orientation he realized that it was necessary to break down the structure for he states categorically:
'In no case has it been found possible to impose preferential orientation on keratin in the a, form and only in the ft form in the presence of steam or hot water. ' Undoubtedly, however, as his subsequent work shows, he was influenced by the second orientation to prefer the two-dimensional fold to a threedimensional helix which could not allow for any secondary orientation. In fact, the explanation of secondary orientation is still very obscure.
He also at that time began the study of another variety of keratin, that of feather and reptile-scale keratin, at first sight very different from mammalian keratin but later assimilable to a type of ft structure with long period repeats (15) (126). Astbury first used this observation in a biological sense to show the basic difference between reptiles and birds on the one hand and mammals on the other. This was one of the first cases in which it was shown that the systematic differences were effective right down to the biochemical level. This helped to generate the idea in his mind of a 'master plan' of nature (127)-a polypeptide fibre that could adopt a great variety of secondary configurations determined by the different branches of evolution.
As time went on, he turned to other forms of protein. O f very great im portance was his study of myosin (50), at that time considered to be a single protein, responsible for muscle in all forms of animals, invertebrate and vertebrate. Astbury studied muscle intensely from his first observations that 'muscle gave a characteristic a. protein photograph' b what to his surprise, change into any kind of super-contraction when the muscle contracted. In the end he came to consider myosin as the generalized a protein or living protein from which the specialized structural proteins were derived by cross linking. Astbury did an enormous amount of work on muscles of various kinds from the byssus retractor muscle of the mussel, , which contracts and stays contracted, to the frog's muscles with their rapid extension and contraction (72). Later he seized on his friend Szent-Gyorgyi's discovery by biochemical means of the other component in mammalian striated muscle, actin, to show that here were two different proteins in different states (70). But it was clearly quite impossible for him to give a serious account of muscle contraction before the elementary structure of muscles was known and that had to wait for the development of the electron microscope.
Finally, he came to study other elastic fibres, such as the epidermin of skin, first systematically studied by Rudall, and fibrinogen and its product fibrin which form the clots of the blood (56). These were the main constit uents of his k-m-e-f series of proteins all of which could exhibit according to the circumstances, a, /? and cross-/? structures.
Astbury's studies of the k-m-e-f group led him naturally into a con sideration of the significance of denaturation. He showed (26) that most forms of denaturation did not lead to an amorphous mass but to a definite structure which was nearly always of the /? type, normally unoriented, which could be oriented by means of stretching. One of his most characteristic experiments was the formation of a layer of stretched boiled egg white which he showed formed very well oriented /? fibres with meridian and equatorial reflexions interchanged, the so-called cross-/? type.
Astbury's brilliant idea about the k-m-e-f structure was that the same chain can exist in contracted and expanded state. The fault of his particular interpretation lay in too close an analogy to planar rather than threedimensional thinking, inspired in this case by the structure of cellulose. The original form of Astbury's fold was much criticized but it was not, however, until 1940 that he made his first serious modification of his explanation of the a fold.* In a paper with Bell (51), he made another proposal, which so to speak, crystallized his ideas on it. It was clear by then that the tide of evidence was running strongly against the original form, where the change a-/? involves the opening of the hexagonal rings. This was the consequence of the first use of models showing that there would be no room for side chains in this configuration. In this paper he summarizes the con ditions that the a. -/? transformation must satisfy:
'(1) The a form must be half as long as the /? form.
(2) The density must remain practically constant.
(3) The folds must repeat at a distance of about 5 • 1 A.
(4) The side chains must stand out alternately on one side and the other of the plane of the fold. (5) The folds must be nowhere so sharp as to leave insufficient room for the side chains.
'Is it feasible to devise an intramolecular fold satisfying all these con ditions that could conceivably, pending complete chemical analysis, be adapted equally well to the constitution of myosin as to that of keratin? We believe that it is; and what is more, the proposed solution hints at a principle fundamental for all proteins.'
William Thomas Astbury n * Dr MacArthur informs me that this followed the receipt of a letter from H. Neurath (see Neurath 1940).
To satisfy condition (2) he draws the inference that all proteins must have a structure similar to that shown in figure 2. He finds the universally occurring distance of 5 -lA is just about the shortest distance at which it is possible to fold a polypeptide chain so as to leave the side chains alternately on one side and the other of the fold and goes further to say that the side chains are grouped in close-packed triangular columns, first on one side of the fold and then on the other. This modified fold, shown in figure 3, from then on became Astbury's major idea as to the structure not only of fibrous but of crystalline proteins. 'In order to meet the dimensional requirements', he goes on, 'it has been found necessary to postulate hydrogen bridges between adjacent folds. ' This concept of the intra-chain hydrogen bridges was the basis of the subsequent development of the Pauling a. helix.
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This idea particularly appealed to Astbury because it showed that the whole structure of proteins depended on the side chains acting not as main linking chains-as he originally considered-but essentially as packing elements which put together the hydrophobic side chains and separated them from the hydrophilic elements. The doubling of the length of the a form on stretching becomes no longer an accident but an inevitable consequence of the close packing of side chains in a simple regular pattern. The new, what we may call the crenellated, form had other advantages. Astbury saw that two of these crenellations together might make a cross-/? structure and this he thought was the key to structure of the crystalline globular proteins, that all globular proteins could be denatured and all gave about the same kind of residual structure. But he saw also that in this residual structure the fibres could be arranged in parallel bundles (figure 3). One of his most character istic and important discoveries was the observation that the single crystal of the seed globulin edesdn could be turned into a set of parallel ft fibres which were oriented according to the pre-existing crystal orientation (24). This was the basis of the process of the manufacture by I.C.I. of the artificial fibre 'Ardil' from the crystalline protein arachin derived from groundnuts. The notion of the structure of globular proteins fitted in with his own observations and those of Waugh (1946) and Schmitt (1947) , on insulin and paramyosin which can be produced in a fibrous form. It has been the leading idea in all the early work on the interpretation of structure of globular proteins and was in the end to lead to its true solution in the case of myo globin by Kendrew although the arrangement of the a helices was not to be parallel, as Astbury and others of us thought at the time.
William Thomas Asthury
13 / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / " f / / / " a J lX L T L T U a-KERATIN
Collagen
There was an important group of proteins that could not be fitted into Astbury's k-m-e-f group. These were inextensible the fibres related to collagen, the main connective tissue protein and also of industrial importance in the leather industry and in the form of gelatin in photography. He recognized from its X-ray pattern that this was some radically different kind of protein fibre.
His study of collagenous fibres was to last all through his life. It was interesting that he gave the first and ninth Procter Memorial Lectures on them, separated by an interval of twenty-one years, in 1939 and 1960. These lectures are of special interest because they represent what might be called the primitive early and the sophisticated later work of Astbury. In the first he recognized as collagenous the white fibres of connective tissue, tendons, cartilage, scales and fins of fishes, the ichthyocol of swim-bladders, the byssus threads of bivalves, as well as the so-called ovo-keratin of the eggcapsule of the skate, and filaments ejected by the sea-cucumber and jelly-fish. This is some indication of the wide net which Astbury threw over the biological world to find the identical molecular patterns.
He noted the high proline and glycine content of collagen. Afterwards he said: 'The real puzzle concerns the amino-acid sequence and the average dimensions of the residue in the direction of the chains.' The indications were that it was 2 • 9A against the 3 • 5A for jS chains of polypeptides, suggesting in some way a change of folding though to a much smaller degree. The first explanation he could find for this difference was that the collagen represented an arrangement of protein chains in cw-configuration as against the transconfiguration of the fully extended j8 chain, but even then this conclusion was based on too little evidence. This was his first exercise into following the actual sequence residues in a fibrous protein and it is very interesting how close he came to the subsequent explanation. This paper is a very fine example of Astbury's semi-technical work because it contains the first analysis by X-rays of varieties of a tanning process.
The ninth Procter Memorial Lecture gives a full account of the Ramachandran structure of collagen which shows that the slight twist which Astbury had considered twenty years before, was really a twining of three simple polypeptide groups of glycine, proline and hydroxy-proline (1954, 1955 and 1956 ). The advance was due to the first stage of work on artificial polypeptides, particularly on the polyglycine II structure itself. From now on it would be necessary to take account of twined as well as of extended single-chained polypeptides.
This Procter Lecture completes the account of collagen to date by the study of a number of further biological structures which involve collagen in interesting ways, for instance, in the earthworm's cuticle, and Astbury makes the first hypothesis on the relation between collagen and its characteristic internal product, crystalline calcium phosphate-apatite-the beginning of the formation of bone.
Astbury's work on collagen was to have a number of consequences beyond general biological and evolutionary implications. It had applications technically in the practice of tanning. When later it was combined with electron microscope studies, he found many medical uses for it particularly those connected with rheumatism and dentistry, both of which are involved with well-or ill-ordered collagen either in the joints or in the actual structure of bones and teeth. Astbury here showed his ability to combine the theoret ical basis of molecular structure with its practical implications and not in textiles alone (94) (117) (119).
William Thomas Asthury 15 4. Textile fibres Astbury always remained much more than a crystal analyst. True he wanted to use the whole of X-ray crystallographic technique to solve his structures, but he was interested in their physical properties to an almost equal extent and this was perhaps spurred on also by his profound technical interest in fibres. He was not a Reader in Textile Physics for nothing. In his remarkable little book Fundamentals of fibre structure (128), originally given as lectures to textile students and operatives, Astbury had shown over and over again the clear analogies between the spinning operations which were performed on large fibres and the intricate binding of molecular fibres together. One of his most striking analogies in the book was to describe a globe about 10 inches across, made of silk, and to point out that if it were magnified to the size of the earth, the silk molecules would appear as ropes some 10 feet long and 1 inch thick. Further analogies between molecular twisting and textile twisting were striking and complete and so, as Astbury was to show later with the electron microscope, were the weaving which was shown so beautifully in his structure of Valonia ventricosa cell wall and earthworm cuticle.
Astbury had a clear view from the start of the analogy between his biological studies and his technical studies. As he said in his Harvey Lecture (93):
'Nature herself has built up a textile business that far transcends any man-made effort, and really the only thing new that has come out of modern textile science, itself one of the triumphs of the century, is the discovery of how very old it all is. Fibres, visible and invisible, are the principal structural components of all biological tissues, and the fibre concept is as old as life.
'That well-worn figure of speech, "the fabric of life", has thus taken on a substance in fact. It now means literally what it says, and goes moreover right down to the molecular level. Just as textile yarns are constructed from more or less parallel fibres, so the fibres themselves are constructed from When it became possible to make synthetic polypeptides, it was soon found that the types of fibres produced under various conditions follow exactly the patterns which Astbury had first found in wool and in the k-m-e-f series. More, however, than any direct effect of his theories was the effect of the propaganda for introducing X-ray methods as an obligatory part of any textile developments and even more in artificial than in natural textile fibres. Wherever new polypeptides or other polymers are introduced into industry, the methods of Astbury are used and in fact it would be impossible to develop the full possibilities of such structures as nylon without using them. The idea of elastic nylon, for instance, is based on Astbury's contractile hypotheses. It is here that Astbury's propaganda work is most clearly seen. He hammered and hammered at the textile industry and the artificial-fibre industry until he had got them fully indoctrinated with the idea of the value of X-ray photographs and their interpretation.
And Astbury did not limit his work to exhortation. He took an active part on councils of the textile industry and was a leading scientific member of the Wool Working Party after the war. There, according to another member of the Party, he showed a complete grasp not only of the technical problems but also of the managerial problems of the industry. One result of this work was that he persuaded the industry, one of the oldest and least scientific-minded of all, to adopt a policy of support for research on wool and related subjects in the University and technical college which was a model to all other industries. W hat he had felt about it is shown in his remark about the state of research finance in the inter-war period (p. 7).
Cell wall structure
The remainder of Astbury's work to be discussed here is his more purely biological contribution, which is connected neither with wool nor with the textile industry. Astbury had always as a central aim the exploration of biology. He himself quotes in his Harvey Lecture one of his predecessors, Hooke, who in his Micrographia wrote:
'So that knowing what is the form of Inanimate or Mineral bodies, we shall be the better able to proceed in our next Enquiry after the forms of Vegetative bodies; and last of all, of Animate ones, that seeming to be the highest step of natural knowledge that the mind of man is capable of. ' One slightly minor field of his researches in this respect concerns the laying down of cellulose fibres in the vegetable cell wall.
As he worked at Leeds and not at Manchester, he was more interested in wool than in cotton. But he did make one very interesting and successful invasion of the field of plant cell structure, choosing a most remarkable organism, the cell of the sea-grape, Valonia ventricosa and the related simple alga, Cladophora. These are remarkable as some of the largest single cells in the biological kingdom, often as much as an inch in diameter, and their skin or cell wall can therefore be treated as if it were a piece of paper. Astbury (48) found it showed a very beautiful precise crossed pattern of cellulose fibre structure and he had the curiosity to trace this all over the cell showing that the angle between the cross patterns varied. The publication with Preston of the structure of the cell wall of Valonia (32) was a classic which lies between Naegli's first efforts to solve this problem by means of very fine optical microscopy in 1844 and the later precise studies by the electron microscope, which did not exist when Astbury started his work. He showed the fibres were arranged in a complex set of double or sometimes treble spirals around two poles at the end of the cell. I was able to add a confirmation in the form of optical polarization studies. Astbury surmised that the laying down of the cell wall was really a highly ordered process and must have some kind of biological, probably protein, lead-in and directing mechanism. One other excursion of Astbury's work in the field of algae was his X-ray study of alginic acid, a soluble fibre produced from sea weed (63).
What Astbury had achieved in his first ten years' work at Leeds is best summed up in his own words in the Spiers Memorial Lecture in 1937 (37):
'There was first the adventure of the fibre, made from straight polypeptide chains, then that of the fibre made from regularly folded chains; and after that came the globular proteins with their multiple folds. Then came the unfolding of the globular proteins by denaturation and the recovery once more of straight polypeptide chains. Now we would like to fold these chains up again or at least find out how they were folded before we undid them. For the moment, though, we can only unwrap a mysterious protein parcel in the most untidy manner-so untidy that we still cannot see what is inside before it comes undone. But one thing we may be sure of, is that it is some thing that holds the secret of our health and happiness-our very life itself.' 6. Nucleic acids Perhaps Astbury's greatest contribution to molecular biology were the first steps he took in unravelling the structure of nucleic acids. This was no accident. Astbury was convinced of its importance as was shown in a quotation from his Harvey Lecture (p. 38):
'The proteins lie at the corner of the business, we may be sure of that, and the attack on them must go on unceasingly; but they are not, or have not come to be, entirely self-acting, and it is little less urgent-it is a parallel problem-to concentrate also on their collaborative macromolecules, notably the polysaccharides and nucleic acids, especially the nucleic acids. Many investigations in recent years have brought out and emphasized the importance of the nucleic acids in biosynthesis; as far as we can see, they are absolutely essential components in chromosomal processes and cell mul tiplication and in virus reproduction, and in fact it is largely believed now that the nature of the interaction of the proteins and nucleic acids is probably the supreme issue of all in the chemistry and physics of life. ' When it is remembered that this was written in 1950, when the concept of the helical structure to which Astbury himself contributed was still not understood, it will be seen with what general grasp and percipience on the biological field Astbury worked all through the latter years of his life.
By 1938 Astbury had come to be regarded as a person to whom one would refer for any kind of fibrous substance and he tackled the newly purified nucleic acid which had been prepared in viscous solution by Hammarsten and Caspersson (1938), as he tackled the other fibrous structures (38). But he noticed at once that there was a fundamental difference in their optical properties. True to the old crystallography, he noted the strongly negative birefringence of the nucleic acid fibres and knowing that their composition included the flat purine and pyrimidine bases, he concluded that these must lie at right angles to the fibre length, with the spacing 3-4A which occurs over and over again in aromatic substances, notably in the simplest of all of them, graphite. Here Astbury made a happy use of his analogy with dis tances. In the first case this was quite correct but he also noticed a number very nearly that of the period 3 • 2A of /3-type protein structures and knowing there was a close relation between proteins and nucleic acids and, in fact, some basic proteins form apparently homogeneous compounds with nucleic acids, to wit, nucleo-proteins, he assumed that the two chains of the nucleic acid and the protein were parallel. They are not, as we now know thanks to Furberg (1950) and Wilkins (1951) , but at right angles.
Astbury was from the very beginning, in his study of tartaric acid, inclined to judge that two distances that were the same must have some common origin. They did in some cases, they did not in others. It was, for instance, this numerical coincidence that led him for so long to defend the concept of fold in the a structures.
Astbury's very pioneering spirit was in the end to be an actual dis advantage to him. He found solutions long before anyone else had, but he stuck to them long after other people had abandoned them. That he himself was not to find out the precise details of the double spiral of DNA was not surprising (see below); but he certainly must have the credit for indicating that the nucleic acids were a fruitful subject for X-ray analysis.
Other biological and medical studies
It would be difficult without reducing this study of Astbury's work to a catalogue to note all the contributions he made to the different parts of biology. One is outstanding and was of greater interest to him as well, the study of flagella from the bacteria, plant cells and protozoa. In the first place, relying on the work of Gard (1944), and Weibull who made the preparations, he was then to examine the extremely minute flagella on bacteria (86), studies which in Astbury's own words: 'have accorded us more molecular biological joy, I should say, than anything else I can remember since the first great days with the < x-/3 transformation.' The process of parallel aggregation enabled him to take photographs of flagella which showed that each flagellum is effectively a single macro molecule about 120A thick. He regarded them as monomolecular hairs or muscle. He showed they belonged to the k-m-e-f group but, rather curiously, combining a and cross-/3 characters. In that respect they resemble actomyosin. Astbury, however, found that the protozoal and protophy flagella were of a different character from those of bacteria (107), recognizing that the form was multiple and in fact that this needed an electron microscope to elucidate. They had a characteristic arrangement of nine fibrilla in a ring and two at the centre, but he was unable to make much more out of them; actually, this structure although universal is still a mystery.
In the medical field, Astbury was really able only to start new methods of research. He worked on various aspects of rheumatism which involved studies of decomposed collagen (94), and on various cancers particularly breast cancer of mouse, then known to be virus induced (89) (91). 
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Experimental techniques
Astbury was primarily an experimentalist working in the field of most unpromising material indirectly derived from animal tissue or produced by rather messy biochemical reactions of the day; he had virtually to devise all his own methods. Although trained on the ionization spectrometer, he soon turned to photographic methods and developed a number of extremely simple fibre cameras for both simple examination and that under various conditions of tension and pressure, which gave him the photographs (plate 1) from which he was able to make such extensive deductions. In the process he had to face the problem of how to get clear and sharp photographs in a reasonable time, so that he produced an original type of rotating anode tube on a Torricellian vacuum, an idea far too simple to get wide application. He had also, in the early days, used radioactive methods for measuring intensities.
In his work on fibres and later on various biological preparations, Astbury showed his genius by the understanding of material and arranging it so as to give the best information for X-rays. Used by him, these methods led to the remarkable results already discussed and they were adapted by other workers and are really the basis for most molecular biology outside the crystalline phases today. But his great success was to see in his photographs (129), good or bad as they were, more than anyone else could see in them and he is un doubtedly the father of all those who since then interpreted other types of fibrous structure, particularly the nucleic acids, and who can recognize types of twist from the pattern of blurs on rather obscure fields.
The effect of Astburfs work on the general progress of biomolecular studies
The greatest achievement of mid-twentieth century science will un doubtedly be that of the unravelling of the central problems of molecular biology. Such decisive discoveries could not in any case have been the task of a single man or of a single discipline. It is an example of the convergence of a number of disciplines which have come from different sources to deal with what gradually appeared ever more clearly as the central problem, the production and the function of the protein molecules and especially their reproduction which was found to be the essential task of nucleic acids. All this was not seen in 1925, which we may take as the point of departure of Astbury's biological work. The knowledge of proteins was extremely prim itive and wrapped up with practical considerations, nutritional as far as the 21 chemistry of proteins was concerned, mechanical as far as the properties of the protein fibres. Another aspect of fibres was the opening of the era of artificial fibres which inevitably led to procedures which threw light on the natural fibres as well. It was not even certain until the late thirties that enzymes, which had been studied as such for their chemical properties and as the basis of modern biochemistry, were necessarily proteins, although they were largely accompanied by proteins.
The other line of approach, of purely biological character, was through genetic analysis and the realization, due to Muller, that the visible chromo somes in cell division were essentially the carriers of genetic information.
Astbury's function was often-and most of all in the earlier stages of this period-that of bringing these different lines of research together. He was able to profit from in the first place the new chemical approach to proteins of very much greater accuracy and rapidity than the methods available in 1925. At that time the analysis of a single protein might take as much as a year and even more, and only the gross proportions could be determined. The next stage which was needed came before any chemical analysis could become significant, the chemical preparation and purification. In order to study biochemical reactions quantitatively, it was necessary to have purified enzymes and in the early thirties, following the pioneer work of Sumner on urease in 1926 and largely thanks to Northrop & Kunitz (1948) , it became possible to purify enzymes to such an extent that they could be crystallized. The activity of enzymes led to the possibility of assaying their concentration and thus much more readily to their purification than for other proteins.
The fibrous proteins which could not be crystallized or purified or be assayed for activity would obviously be the last. Nevertheless, it was the fibres which were to provide the clue to the whole of the protein analysis. In 1925, the original hypothesis of Fischer and Hofmeister that proteins were hetero-polypeptides, though in general accepted, was not universally so and many other ideas such as cyclic peptides and diketopiperozine aggre gates were postulated as alternative structures, or as the structures of at least some proteins. It was the fibrous nature of proteins that led first to the general acceptance of the Fischer view and then to the understanding of their structure. As the early X-ray analysis of known fibres, such as cotton and silk, showed, it was clear that the polymer chain lay parallel to the fibre direction. Consequently, at least some of the fibrous proteins must be simply polypeptides of indefinite length.
Astbury's first great contribution was therefore to show that in their basic structures these polypeptides belonged to relatively few types, in fact only two in number, for he had shown that the natural fibrous proteins, the keratin of hair, the myosin of muscle, the elastic fibres of tissue and the rapidly created fibres of blood clotting, fibrin, had all essentially the same set of structures, for all the different fibre structures which he had called the /? and cross-/? were reproducible in every single one of these proteins. The other series, those of the inextensible fibres of collagen and fish elastoidin, equally widespread, belong to another series. This enormously simplified the problem of protein structure and also showed that the intermediate or secondary structure of proteins, the interrelation of neighbouring amino-acid residues would be key to all kinds of protein structure. This result, as we have seen, was fully achieved by 1932.
The problem of the crystalline protein appeared at first to be radically different, though a very crystalline character showed in principle that they must be composed o f identical molecules. For a long time the practical difficulty of proving this by X-rays held up advance until I achieved it in 1934 with the measurement of the cell size of pepsin, to be followed by my pupils Fankuchen, Perutz, Crowfoot and Carlisle for other crystalline proteins. Meanwhile, the same identity of molecules had been proved quite independently for crystalline proteins in solution by Svedberg (1926, 1940) , who sorted them out by their mass, and by Tiselius who sorted them out by their electro-phoretic mobility. A crystalline or globular protein molecule was therefore a definite and quasi-identical unit.
But what could such a unit contain? This could be approached in two ways, chemical and X-ray, and it is interesting that the two ways, so to speak, overlapped: complete chemical analyses with the full order of aminoacids were known for some proteins and complete X-ray structures were known for others before detailed structures were known in both ways for any one protein. The chemical approach started, curiously enough, with the analysis of wool, for which normal methods were quite inadequate, and led to the rapid improvement in chemical methods based on a very old principle of paper chromatography by Martin & Synge (1941). This led first of all to a much more accurate gross analysis of amino-acids in proteins which enabled the actual number of each amino-acid to be counted from the knowledge of the molecular weight, and then through the almost incredibly laborious work of Sanger (1945) and his followers, to the actual order of the amino-acid residues. This gave us what is now called the primary structure of protein but this, naturally, was only available for the crystalline or globular proteins.
The second great contribution by Astbury was to show that there was no radical difference between the fibrous and the crystalline proteins. By a study of denaturation and, particularly, by the study o f the oriented fibres which can be detected in denatured crystals, Astbury showed that the intimate structure o f the fibrous and globular proteins must be the same. The work went further and it was possible to show that the actual trans formation between the globular proteins and the fibrous proteins was a reversible one, as shown in insulin, actin and tropo-myosin. In a sense, this fact has been used long before it was understood, ever since the juices of the caterpillar's mouth glands or the spider's spinnerets had turned into silk, observations which were to have many practical applications in the produc tion of artificial fibres.
There were still problems outside this main line to be found in the structure of other kinds of fibres, such as supporting fibres of collagen, problems which Astbury opened up but did not terminate, and also in the fibres of muscle, where Astbury started off with the realization that he was dealing here with an a. protein chain but was in no position to approach the extreme com plexity of the molecular architecture which was not to be revealed until the development of the electron microscope. By the time the second world war came, the next stage of the problem of crystalline protein structure was fairly clear. W hat was not clear yet was along which line of research would the solution first be found. The chemical method had not yet yielded, but was clearly bound to yield, the primary structure of a protein polypeptide. X-ray study of the globular proteins in a crystalline form showed an enormously rich mine of information but it was, apart from molecular size, uninterpretable; either a hypothesis of a structure had to be made or a new method of finding the phases of the X-ray diffrac tion had to be developed.
The former approach was the first to be tried and led to a long and ultimately fruitless search for a structure, although it contained in itself a fundamental truth. Astbury had already claimed that the double folding found in super-contracted oc proteins consisted of folds which were repeated in layers and thus built up a protein molecule as a kind of bundle of sticks. This Perutz, Kendrew, Crowfoot and Carlisle all tried on different proteins, a very tedious work which was ultimately to prove completely wrong. I had then said that if the structure of protein were simple we should soon find it out; in fact, it was not, and took about twenty to twenty-five years to work out. It was Crick (1952) who first decided that the game was not worth the candle and showed that no arrangement of parallel rods of protein, whatever their structure, could possibly do it. Meanwhile, a much slower, surer but more roundabout approach was being developed by Pauling and his crystallographic collaborator, Corey (1952). Pauling was shocked by the freedom with which the X-ray crystallographers of the time, including particularly Astbury, played with the intimate chemical structure of their models. They seemed to think that if the atoms were arranged in the right order and about the right distance apart, that was all that mattered, that no further restrictions need be put on them. Pauling, inspired by his theory of resonance, realized that the freedom of rotation of single bonds could not possibly apply to polypeptides and that the amide group had to be effectively planar. That this was the case was confirmed by the very detailed and accurate analysis of the different amino-acid crystal structures by Corey (1953).
Meanwhile, others had not been satisfied with the peptide chain arrange ments which Astbury proposed in the early and later folded a. models. Huggins (1943) postulated that instead of a two-dimensional zigzag arrangement, the arrangement of polypeptides in the a. proteins was helical. Later Bragg and Perutz (1950) worked out all the crystallographically possible helices compatible with 2-, 3-, 4-and 6-fold screw axes. None of these quite fitted, although the 4-fold helix fitted the a structure best. It was at that point that Pauling's criticism again became valid. None of the helices preserved the planarity of the amide groups and the only way of preserving it and maintaining its continuous polypeptide thread was to break with the crystallographic rules and introduce an irrational helical arrangement. At the time, this was thought to be a very daring thing to do, although now it is very easy to see by mere logic that in fibre structure, which is lacking in three-dimensional order, that is, which does not show any cross or pyramidal planes, that no rationality should be expected. Nevertheless, it was a novel idea to crystallographers and its full implication took a long time to take in, though when they were they proved to be of enormous power and range. Accordingly, in 1951, when the Pauling helix explanation of the secondary structure of polypeptides was put forward, it was immediately accepted by most workers in the field, and ultimately by Astbury himself.
In a sense it was here also that Astbury helped in a negative way. It was largely as a criticism of Astbury's fold in both its forms that this work had been done. Nevertheless, the acceptance of the a helix left the problem of protein structure still only half solved. The protein analysts knew, or assumed, for it was by no means necessarily true for all proteins, that the peptide chains were arranged in a helices, but even when curled up in this way there was too long a rod to fit into the limited space of 20 to 30A of actual crystalline protein molecule. It was now necessary to work out the tertiary structure, the way in which the a helical rods were bent and fitted together. Eventually, this is a problem of packing but one which has to be very precisely solved because one thing that is very clear is the quasi-identity of the same protein molecules, even in different crystalline forms.
It was at this point that Perutz, abandoning his previous efforts at a priori solutions, made the daring assumption that it would be possible to use the isomorphous replacement method, long familiar in ordinary crystal structure analyses, for protein crystals. The reason it was daring was because it implies that adding one atom of a heavy metal to several thousand atoms of protein will allow its presence to be detected. More than that, from that detection the phases of the structure could be determined and hence actual structure independent of any hypothesis. It happened that of all the proteins examined, those of the haemoglobin-myosin groups proved to be most suitable. And when this was first done in sperm whale myoglobin by Kendrew (1958 Before this, as we have seen, Astbury had turned his attention to nucleic acids. This was because of his realization of their biological importance.
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Caspersson (1947) had shown the nucleic acids appeared in organisms exactly where protein was being very rapidly produced. Purification of nucleic acid led to the concept, by then familiar to polymer chemists, that viscous solution of nucleic acid must contain long fibrous elements. Astbury examined these elements and came to the conclusion that they consisted of the flat bases held at right angles to the axis, essentially the correct structure. He missed the actual structure of DNA for two reas X-ray analytic procedure for helical structures was not developed-that was to be the indirect consequence of the study of the a helix for proteins mostly due to the work of Cochran, Crick & Vand (1952) -and secondly because the strategic double coil model of DNA could hardly have been guessed at in advance of the chemical equalities between the quantities of the purines and the pyrimidines established by Chargaff (1950) . Never theless, we may count his work on nucleic acid as Astbury's fourth and greatest contribution to the analysis of biomolecular structures.
There is no need to go further here to study the ultimate achievements of this method of analysis. The complete picture of a protein structure with its primary, secondary, tertiary and higher structures were found in haemo globin itself. Next came the entry and fusion of the genetic approach with that of the double spiral structure in the Crick-Watson hypothesis, where the properties of the virus-like bacteriophage could be used to find the actual code by which proteins can be made. Last have come the triumphs of tracer technique combined with the electron microscope which showed up the detailed mechanism of messenger and soluble nucleic acids in the synthesis of proteins, a kind of super automated mass production of virus. Now we can see in many of these that the earliest ideas came from Astbury and if he was not to see the end of the race, for the race has not ended yet, he certainly will have for ever the credit of having started it.
When the history of molecular biology comes to be written it will be seen that the work of Astbury from its beginnings in 1926 was, so to speak, the main line of progress of molecular biology. It started with his appreciation of the a fold, as he called it, the a helix as we call it now. All the way through he was guided by a profound sense of analogy, on the one hand with biological principles and on the other with textile techniques.
There is one more thing to be said before leaving an account of Astbury's influence on molecular biology and that is a negative one. With all his abilities and intuition, why did some of the principal discoveries in the field, nevertheless, elude him ? Why he discovered so much, why he had so sure a sense of direction and why he did not discover more; why he adhered to peculiar attitudes and techniques which prevented him seeing what other people on the basis of his original work were able to see so easily? This applies particularly to the relation between the fold which he assumed to be the basis of the a-j8 transformation and the coil which was afterwards the principle of Pauling's helix. It is an interesting contradiction, for both men were basically of the same generation, they both had very similar training as chemists, but Pauling had the advantage of having absorbed and largely created the new quantum chemistry and he had more sense of quantitative metrical properties, particularly stereo properties, than Astbury had.
Astbury, however, was more isolated and tended to go on what might be called an ortho-dromic course of research; not that he stuck to one thing, his enormously wide interests in biological structures ranged all the way from the vegetable to the animal cell. Very peculiar animal structures, such as the structure of the insect egg cases and egg stalks. These he interpreted continuously as he went along but always in terms of his previously formed theories (116).
We are apt to neglect the importance of Astbury because so much of what he discovered has now become the commonplace of molecular biology. But it became so not only because he discovered it but because he propagated it so thoroughly. It was part of his personality to be so excited and delighted with the things he was finding out, to want to tell everyone about them and to publish them in all kinds of journals in all countries. To appreciate the work of Astbury is for that reason very difficult. At first sight it appears that he has published the same paper over and over again, but this is not so: you only have to look at the papers to find the trace of a new idea appearing in a paper apparently identical with another and being developed later into other ideas. Many of these ideas were not recognized at the time but only appreciated later, such as the idea of the g -f transformation. Fully to appreciate the whole work of Astbury is difficult because we are so apt to look at things in the light of present knowledge and not sufficiently in the light of knowledge when Astbury actually undertook the work. There can be no doubt that the work itself, the whole study of the marvellous mechanisms of protein synthesis and use owe enormously to the pioneer work of Bill Astbury. His failures as well as his successes were characteristic of the man.
An appreciation
Part of his difficulties stemmed from his innate or traditional extreme independence. He really belonged to the great sealing-wax and string tradition. I competed with him in an application for a post in Cambridge in 1927 and when he was asked in the interview by two eminent scientists of the time what his view was on collaboration, he answered very rudely: 'I am not prepared to be anybody's lackey'-and he never was. In that sense Leeds gave him an ideal job. No one told him what to do, no one could tell him what to do. And, conversely, he did no empire building. He was in his own way too proud to seek for influence or many colleagues. Nevertheless, he was an extremely social and co-operative person but it was a free co operation and he did not fit into any organization. Consequently his highly original and personal research ideas never secured the support they deserved. A year after his death, however, the Astbury Department of Biophysics was established at Leeds University, where his work will be continued.
Perhaps the man who had the greatest influence on Astbury at the outset of his career at Leeds was Dr Speakman, an imaginative textile chemist who was initially responsible for interesting Astbury in the physical properties of materials which was to be one of the major channels of discovery of the nature of the polypeptide fold. It seems to have been an ideal collaboration. O f his other collaborators, MacArthur was longest associated with him but MacArthur had a temperament very different from Astbury, critical where Astbury was intuitive, refusing to be led along the paths which Astbury's genius often indicated or into the traps into which he so often fell. He got on better with the biological colleagues, with Rudall, Preston and Bailey. Some of his most interesting work was done with the physiologist Dr Sylvia Dickinson, also with a character very complementary to his, extremely self-critical. The traits in his character that were to be most harmful to him were his lively scientific imagination and his rashness and lack of self-criticism.
Rutherford's dictum for success in science was 'Never attempt a difficult problem'. It is unfortunately an attribute of genius to see which of the problems are not really difficult; but although this is a necessary, it is clearly not a sufficient condition. There are plenty of easy problems, the question is to find out which of the easy problems is likely to be vitally important. This is the kind of sense that Astbury had pre-eminently. His introduction to fibre structure may well appear fortuitous but from the moment he started taking photographs for Sir William Bragg in 1926, he saw that he was on to something big and important and he never let go of it.
It may be argued that he started to study these substances prematurely: not enough was known in the first place about proteins in any form, chemical or physical, at the time he started the work and tools did not exist, neither the optical tools in the form of the electron microscope and the infra-red spectroscope, nor the chemical tools in the form of tracers and chromato graphic analysis. If Astbury could have waited to start for another twenty years he would no doubt have been able to make use of these tools, but he was born too early and did not know he had to wait. Astbury worked on intuitions, but, however remarkable his intuitions, he had always a scaffold ing of theory which unfortunately he did not alter often enough to fit the facts. But apart from the accuracy or inaccuracy of his schemes, the basic notions which he propagated were to be the foundation of our knowledge of proteins and nucleic acids.
It is ideally possible to construct a rational strategy for any scientific discovery, even for such a complicated investigation as protein structure. Its actual history is full of strategic mistakes, but we can only see these by means of hind-sight. We should, no doubt, be able to plan our researches with this rational strategy, that is, not to advance from one position to another until the time is ripe and the tools have been properly accumulated. Yet few even of the greatest of scientists achieve this. Most lie on a kind of spectrum of scientific approach-often more a measure of the scientist's temperament than of his problems-whether to dash at a problem the moment it presents itself and try to take it by assault or whether to sit down in front of it and to prepare elaborate trenches and investments and take it by a slow siege, advancing securely from position to position. There is no doubt at all that Astbury belonged to the first type: not that he was un willing to take pains-he took all kinds of pains on the experimental sidebut he absolutely refused to step back from his immediate subject to tackle quite simple structures in order to understand much more complicated ones. The people who are willing to do this and carry out siege warfare also make strategic mistakes. If they had the essential quality of tenacity and endless patience they are likely, if they live long enough, to get there. But they also might be advised to wait their time.
Certainly, until the Stockholm meeting in 1951, when the fructifying ideas of Pauling on the a-helix mixed with the analyses which Perutz was carrying out on haemoglobin crystals, all the other work on protein structure was largely wasted-and would have to be-because until much later still, about 1956, in the absence of computers, the tasks which would really be necessary, indeed essential, to the unravelling of protein down to atomic dimensions, just could not be carried out. It was, so to speak, like undertaking a siege with siege guns without sufficient range or accuracy.
Nevertheless, the risks run by being too early are by no means as bad as those run by being too late. Science is full of examples of problems which could have been attempted with success at least thirty years before they were but no one dared to do so. There is a kind of Aristotelian mean about scientific research; if you do it with too much dash you are likely to be wrong and you are also likely to come across obstacles which you are not yet pre pared to overcome. If you proceed methodically you may succeed, but do so at such expense of time and labour that you are limited in what you do. By sticking patiently to one approach you cannot get on with another, and the range of the work of a scientist may be more limited by patience and taking pains than by jumping in with inadequate means. We badly need a critical history of science which points out these things, and this would not just be an academic exercise because it would lead to a theory of scientific strategy which might be really useful.
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Astbury's character carried what would often be considered the in compatible aspects of being very English and being very un-English. His bluff and simple style he took straight from his native Potteries. He had an easy access to people, whether drinking, playing chess or ping-pong or in listening to or playing classical music. Many scientists use their social gifts to conceal their interests in science, which is not supposed to be a very gentlemanly thing to show. Astbury would have none of this. He considered science, and particularly the science he was doing or was interested in, was really important, exciting and amusing and he never failed to bring this out. But he was anything but a bore. We shall probably never know the extent of his influence on the people who were inspired by his many lectures to take up scientific subjects, particularly in fields which previously had seemed very dry and technical.
Astbury was, especially at the very beginning of his work, somewhat isolated from the scientific world. Nevertheless he conspicuously avoided the fate that occurs to so many brilliant people when they are in this position of becoming embittered and sterilized. By his enthusiasm and by the way in which he communicated it to his co-workers, the Leeds School maintained a continuous production of exciting and interesting papers. As one of his colleagues wrote of him : 'He had the capacity to hold together a comparatively small team for so long with very little material inducement. To us " the lab." was an organic whole; Astbury was, of course, our inspiration and we were content to let him be our mouthpiece, but every paper which was published, no matter whose name was on it, was felt to be in a large degree a corporate achieve ment.' It is true that to some of his colleagues his bluff approach was irritating and his successes caused envy. They even went so far as to call him 'a card'-which is not too far from the truth.
Nevertheless Astbury was loved by most of those who knew him and there were thousands who did, all over the country, because he gave freely of himself in all kinds of meetings and participated actively in the life of scientific societies. He radiated a kind of confidence, not so much a confidence in the actual results but confidence in what he called 'the adventure of science' in which he never, in spite of his last illness, lost the excitement and interest. He was genuinely equally interested in the success of others, a much rarer feature in the scientific world. Each new discovery made by the Cam bridge or the London or the American school gave rise to expressions of frank delight.
His monument will be found in the whole of molecular biology, a subject which he named and effectively founded. But to those who knew him and had the good fortune to work with him he will always be remembered as Bill Astbury, someone who made you glad to be alive.
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